Vaccines in combination with chemotherapy have been shown to be safe in different tumor types. We investigated the immunological activity of the TroVax® vaccine in combination with pemetrexed-cisplatin chemotherapy in malignant pleural mesothelioma (MPM).
Introduction
Malignant pleural mesothelioma (MPM) is an incurable and fatal malignancy of the pleural membranes. MPM has a poor prognosis and patients have a median survival of 9--18 months in clinical trials. 1, 2 To date, only two randomized phase III trials in MPM have shown benefit for one systemic treatment approach over another. In the first of these trials, 1 448 patients were randomized to chemotherapy using pemetrexed plus cisplatin or cisplatin alone. Median overall survival (OS) was significantly longer in the pemetrexed-cisplatin arm (12.1 vs. 9.3 months, p <0.02). As a result of this trial, pemetrexed-cisplatin was established as the chemotherapy standard of care for patients with MPM. For this reason, we chose pemetrexed-cisplatin as the chemotherapy regimen for this trial. Subsequently, the addition of bevacizumab to pemetrexed-cisplatin has been shown to further increase median survival by two to three months compared to chemotherapy alone. 2 Despite the benefits seen from chemotherapy with or without the addition of bevacizumab, it is clear that new therapeutic strategies are urgently needed for MPM.
There is significant recent interest in the potential role of immunotherapy in the management of patients with MPM, which has been shown to respond to various immunotherapeutic strategies in animal models and early phase clinical trials. 3 Spontaneous regression, associated with improved immune parameters has also been reported. 4 Indeed, prognostic significance of intratumoral immune cell subsets in MPM have revealed CD8+ T cells and CD20+ B cells as positive prognostic indicators 5, 6 , whilst CD163+ macrophages and regulatory T cells (Treg) are negative indicators. 6, 7 Conversely, very few studies have addressed the significance of peripheral immune parameters to clinical outcome, though proliferating CD8+ T cells, co-expressing Ki67 8 and dysfunctional dendritic cells 9 have been described.
Furthermore, blood parameters such as high white blood cell count, neutrophil to lymphocyte ratio (NLR), monocyte numbers and high monocyte to lymphocyte ratios have also shown negative prognostic value. [10] [11] [12] This indicates that patient screening and stratification may improve clinical benefit, particularly in immunotherapy trials.
Current studies are testing a range of immunotherapeutic approaches, such as treatment with a mesothelin-targeting chimeric antibody (amatuximab), type-I interferon delivered by an adenoviral vector, intrapleural viruses and antigenspecific vaccines, such as the Wilms tumor antigen-1 (WT-1) vaccine. 13 The WT-1 vaccine has shown evidence of activity in a trial of 40 patients with MPM randomized to WT-1 vaccine or observation after multimodality treatment.
Immune checkpoint inhibitors have also been tested in MPM with mixed early results and their further clinical trialssingle or combination treatments -are currently ongoing. 14, 15 5T4 is a 72 kDa oncofoetal glycoprotein that is expressed in many solid tumors but shows minimal or no expression in normal tissues. 16 We have shown that 5T4 is widely expressed in mesothelioma tissue and on mesothelioma cell lines. 17 Unlike WT-1 and mesothelin, which display subtype-restricted expression, often excluding the more aggressive sarcomatoid variant, 5T4 expression has been shown in all MPM subtypes. 17 5T4-specific T cell responses were demonstrated by patients' peripheral blood mononuclear cells (PBMC) and pleural fluid cells (Al-Taei at al., unpublished), making it a valid antigen for targeted therapies, including immunotherapy, in MPM.
TroVax® (Oxford BioMedica, Oxford, UK) is a therapeutic cancer vaccine which consists of a highly attenuated vaccinia virus (modified vaccinia Ankara) containing the 5T4 glycoprotein gene. TroVax® has been administered to more than 500 patients with renal, colorectal and prostate cancer. 18 These clinical studies showed that TroVax® is well-tolerated and induced 5T4-specific antibody and/or cellular immune responses in the majority of patients. In addition, TroVax® was also well tolerated when used in combination with chemotherapy in patients with colorectal cancer. 19 Pemetrexed-cisplatin chemotherapy is seen as a UK and international standard of care for patients with MPM. We aimed to combine the TroVax® vaccine with first line pemetrexed-cisplatin chemotherapy in MPM patients in a singlearm, single-center, phase II trial (SKOPOS), in order to determine 5T4-specific antibody and/or cellular immune responses, activity, safety and feasibility. Furthermore, we carried out retrospective immunohistochemistry, full blood count (FBC) and immunophenotypic analyses to identify potential immune prognostic indicators.
Results

Patient and treatment details
Between Feb 2013, and Dec 2014, 29 patients were enrolled at Velindre Cancer Centre in Cardiff, UK. 23/29 patients (79%) received at least three doses of TroVax® and one cycle of chemotherapy and were included in the PPA ( Figure   1 ). Six participants were not included in the PPA as four did not receive the minimum 3 injections, one patient was later found not to have mesothelioma, and one was found to have a co-primary cancer. Median age of the PPA participants was 66 years (IQR 61--70), 20/23 (87%) were male, 20/23 (87%) had epithelioid, 3/23 (13%) had sarcomatoid MPM, and 12/23 (52%) had WHO PS of 0 (Table 1) .
The median number of TroVax® injections administered to PPA patients was nine (IQR 7--9): 16/23 (70%) patients received all nine injections, 6/23 (26%) patients received between four and nine injections, and 1/23 (4%) patients received three injections. The reasons that seven patients missed injections are follows: two patients died, two withdrew due to adverse effects (AE), one withdrew due to disease progression, one withdrew to undergo surgery for MPM, and one patient missed the week 11 injection. Four cycles of pemetrexed-cisplatin chemotherapy treatment were successfully administered to 19/23 (83%) patients. Four patients did not complete four cycles of chemotherapy: two died and two withdrew due to AE. The median number of chemotherapy cycles was four (IQR 4-4). Median cisplatin DI was 90% (IQR 75--100). Median pemetrexed DI was 95% (IQR 75--100). Table 2░A summarizes the primary endpoint, the generation of cellular and/or humoral immune responses specific for the tumor antigen (5T4) delivered by the vaccine. As 22/23 (96%) patients had an anti-5T4 response (either humoral or cellular), the study reached its primary endpoint. 17/23 (74%) of patients mounted humoral and 20/23 (87%) of patients developed cellular anti-5T4 immune responses, which were defined as doubling of immune responses from baseline. The longitudinal analysis of immune responses is shown on Table 2B and a time-related summary on Figure 2 . The frequency of responders to 5T4 peaked at week 10, followed by a gradual decrease. This may have been due to the accumulated effects of 4 cycles of chemotherapy that started at 4-weeks and ended at 13weeks. All three patients with sarcomatoid MPM mounted 5T4-specific T cell responses while antibody doubling was observed in 2/3 patients. In an independent preliminary study, involving 27 lung cancer and MPM patients who received pemetrexed-cisplatin chemotherapy without the vaccine, 5T4-specific antibody levels were measured before and after chemotherapy. Only one patient had a doubling of the 5T4-antibody level (data not shown), indicating that if changes in 5T4 antibody levels are observed in the trial, they will be due predominantly to the development of specific immune responses to the vaccine.
Primary endpoint -immune responses
Clinical responses
For the 23 patients evaluable for clinical response by 26 weeks, 0/23 (0%) patients achieved a complete response, 4/23 (17%) a partial response, 16/23 (70%) a stable disease and 3/23 (13%) have progressed, giving an overall ORR of 17% (95% CI 5--39%) and disease control of 87% (95% CI 66--97%; Table 3 ). The median PFS was 6.8 months (95% CI 3.6-8.9) ( Figure 3░A ). Median OS was 10.9 months (95% CI 8.1-23.5) ( Figure 3B ). The median OS for sarcomatoid patients was 6.6 months. The median length of follow-up for seven patients still alive was 24 months.
Adverse effects
Treatment-emergent adverse events experienced are shown in supplementary material Table S2 . All 23 patients (100%) had at least one grade 1--2 treatment-emergent AE. Grade 3--4 toxicities were seen in 11/23 (48%) patients:
Grade 4 events included one patient with neutropenia and one with pleural effusion. Grade 3 events included three participants each with respiratory tract infection and thromboembolic events, and two participants with hypertension. There were also isolated grade 3 events: pyrexia, fall, cellulitis, phlebitis, and dyspnoea. There were no grade 5 toxicities. Grade 1--2 AE affecting more than 5 patients are summarized in Table S2 .
Analysis of circulating immune cells
In this trial, 15 patients died within 14 months ( Figure 3B ) while the remaining 8 were still alive at 20 months. The frequency of patients alive in our cohort at 20 months (34.7%) correlates or is somewhat higher than the published frequency (24.8%) 1 and can be seen as the tail of the Kaplan Meyer curve ( Fig 3B) . We carried out a comparative analysis of FBC data and circulating immune cell phenotypes in patients with >20 months survival (8/23 = 34.7%) vs. those with <20 months (15/23 = 65.3%) survival. While there was no evidence that PFS was associated with baseline blood parameters (Table 4░A) or that the >20░m patients had any significantly different baseline FBC parameters, we found that NLR and MLR were significantly lower at week 4, when patients have only received 2 doses of vaccine but no chemotherapy, in the >20░m group (Table 4B ). Comparative analysis also indicated that more patients mounted T cell responses to 5T4 in the >20░m group ( Fig 4░A) and T cell responses were generated with a broader 5T4 epitope specificity in the >20░m compared to the <20░m group ( Fig 4B) .
We also assessed the comparative frequencies of T cell, Treg cell, monocyte and MDSC subsets in baseline samples. As shown in Table 5 , the immune parameters, found to be significantly different between the two groups were: higher CD8:CD4 ratios and lower naïve CD4░T cell frequencies in the >20░m patients. There were no differences between the frequencies of either total or activated Treg cells between the groups, and the frequencies of main myeloid cell subsets were also comparable. These results indicate that elevated peripheral CD8+/CD4+ T cell ratio in MPM patients is a positive prognostic indicator in TroVax® treatment.
Tissue immunohistochemistry
19/23 pre-treatment FFPE samples were available for the immunohistochemical analysis of 5T4 expression and CD8+ T cell infiltration. 5T4 expression has been observed in all samples, although at varying degrees. In some cases, distinct expression was only observed on the tumor surface, while in others expression was observed in the tissue or in both sites ( Fig 5░A,B ). There was no difference in the frequency of 5T4+ tumor cells in the tissue of long-term and shortterm survivors, respectively (32.7±30.3% vs. 46.5±36.2%), however, expression was markedly lower in the sarcomatoid tumors (2.33±2.3%). CD8+ T cell infiltration was also studied. CD8+ cells were either scattered in the tissue or accumulated at the interface of malignant and normal tissues; in some cases both patterns were present ( Fig   5░A,C) . Although there was a trend for higher CD8+ T cell infiltrate in the tissue of long-term vs. short-term survivors (28.4±33.3% vs. 23.1±24.8%), the difference was not significant. In contrast, CD8+ T cell infiltration was markedly lower in sarcomatoid tissues (11.83±15.8%). While the number of patients is insufficient for meaningful statistical analysis, we observed both 5T4 expression and CD8+ T cell infiltration at >10% of the tissue in 50% of long-term survivors, while this was only true in 25% of short-term survivors and in none of the sarcomatoid tumors.
Discussion
In patients with previously untreated MPM, the SKOPOS trial reached its primary endpoint, showing that TroVax® in combination with pemetrexed-cisplatin chemotherapy results in 95.7% of patients developing immune responses against the 5T4 tumor antigen. In the independent preliminary study, pemetrexed-cisplatin chemotherapy alone did not result in immune responses to the 5T4 tumor antigen in 26/27 (96.3%) patients, so the immune responses seen in the trial are overwhelmingly likely to have been generated by the TroVax® vaccine.
The high rate of immune responses generated by the vaccine, despite being given in combination with potentially immunosuppressive chemotherapy, shows that MPM patients are capable of generating or reactivating tumor antigen specific T or B cell responses in first line treatment settings. The combination of TroVax® plus chemotherapy was well tolerated, with no significant additional toxicity seen as a result of the TroVax® vaccine. The proportion of patients getting one or more grade 3░or 4 toxicities was 48%, which compares to 62% reported in the chemotherapy-only arm of the MAPS trial. 2 With respect to clinical outcomes in SKOPOS, the median PFS of 6.8 months and median OS of 10.9 months are comparable to the median time to progression of 5.7 months and median OS of 12.6 months reported in the Pemetrexed-cisplatin arm of the Vogelzang trial, demonstrating that the combination with TroVax® has similar clinical activity. 1 Importantly, we observed higher disease control (87% vs. 41.3%) than that reported in the Vogelzang trial and a greater proportion of patients achieved >20 months OS than those in the Vogelzang trial (34.7% vs. 24.8%). A feature of some contemporary immunotherapy trials in solid tumors is the observation that the Kaplan-Meier survival curves do not start to separate from the standard chemotherapy arm in the initial months, and clinically meaningful differences only emerge when survival beyond the median timepoint is examined. For example, in the Checkmate 017 trial of the PD-L1 inhibitor nivolumab versus docetaxel chemotherapy in the advanced squamous cell lung cancer second line setting, median PFS was less than one month longer in the nivolumab-treated patients. However, this relatively modest increase in median PFS translated into a more impressive difference in one year PFS: 21% seen with nivolumab compared to 6% with chemotherapy. 24 Similar results were seen for OS in the sister Checkmate 057 trial in the second line advanced non-squamous lung cancer setting. 25 In a small, non-randomized trial such as SKOPOS it is not possible to draw any definitive conclusions about the significance of 34.7% long-term survivors, but one explanation is that an immune-mediated effect -as seen in the lung cancer Checkmate trials of nivolumab -may be driving a minority of patients to longer disease control and hence survival.
It is clear that not all tumors respond to immunotherapy. However, a strong correlation between tumor-infiltrating CD8+ T cells and favorable disease prognosis serves as a powerful indirect evidence for immune involvement in MPM. 26 Although our study was not statistically powered to analyze correlation between T cell infiltration and clinical benefit, we observed a trend for more CD8 infiltration in patients with longer survival. Despite these observations, to date, trials testing a variety of immunotherapeutic approaches in MPM have reported only modest clinical outcomes.
For example, the anti CTLA-4 inhibitor Tremelimumab showed no improvement in overall survival compared to placebo as a later-line therapy in patients with pleural and peritoneal malignant mesothelioma. 27 In the single arm Keynote 028 trial, the anti PD-L1 antibody Pembrolizumab reported more encouraging results, with a median PFS of 5.8 months and a disease control rate of 76% in MPM patients previously treated with chemotherapy. 28 The biggest limitation of the SKOPOS trial is the single arm design with no control group; no definitive conclusions can be drawn when comparing the clinical outcomes from SKOPOS with published historical controls of patients treated with chemotherapy alone. However, we did show that pemetrexed-cisplatin chemotherapy alone elicited a 5T4 immune response (doubling of antibody response) in only 1/29 (3.4%) lung cancer and mesothelioma patients so we are confident that the immunological activity seen in the SKOPOS trial is predominantly due to the TroVax® vaccine.
Another observation we made, albeit only in 3/23 of samples, that patients with sarcomatoid MPM were just as able to mount systemic 5T4 immune responses following the vaccine treatment as the cohort with epithelioid tumors.
However, the pre-treatment tissue samples revealed low antigen expression and weak T cell infiltration into the tissue, indicating more powerful immunosuppression or at least lack of immune support in the tumor microenvironment of these patients, potentially contributing to the more rapid disease progression.
Predictive biomarkers are important in providing bespoke cancer treatment for patients. The results from SKOPOS suggest that inducing immune responses against the 5T4 tumor antigen alone does not select patients more likely to have a longer survival -almost all patients in the study developed such an immune response. We have carried out retrospective data-analysis to look for possible differences between those surviving >20░m vs. <20░m. We observed a high CD8:CD4░T cell ratio in long-term survivors, consistent with the positive prognostic significance of CD8+ T cells in MPM patients. 26 We also identified elevated levels of CD4+ naïve T cell in the short-term survivor group of patients.
This may indicate that MHC Class II antigen presentation was suboptimal in these patients. Although naïve T cells exposed to high levels of TGF in the plasma are easily hijacked to become Tregs 29 , we did not observe significant differences in Treg frequencies in the circulation of these patients. However, we have not studied the intratumoral frequencies of Treg that have a known prognostic significance. 7 Again, no differences were observed in classical monocyte frequencies (CD14+ HLA-DR+), or in the frequencies of cells expressing M-MDSC, G-MDSC or E-MDSC markers. 30 Given the disappointing results of numerous cancer vaccine trials, it seems unlikely that a vaccine alone will have a significant impact on solid tumors, although this type of treatment may be beneficial for some patients. While the combination of a vaccine and chemotherapy may not be optimal, as chemotherapy may damage expanding T cell populations, the combination of a vaccine and a checkpoint inhibitor may lead to synergistic results. Checkpoint inhibitors may also overcome potentially inhibitory signalling pathways that switch off T-cells and dampen the immune response to the tumor antigen. We believe the SKOPOS trial participants are representative of a significant proportion of newly diagnosed MPM patients in the UK, and the results of any subsequent clinical trials using combination treatment schedules would be broadly applicable.
Materials and methods
Study design and participants
We undertook an open-label, single-arm phase II trial (SKOPOS) at Velindre Cancer Centre, Cardiff, UK. Patients with locally advanced or metastatic, histologically or cytologically confirmed, MPM were potentially eligible for the trial.
Inclusion criteria included age ≥18 years, World Health Organization (WHO) performance status (PS) 0--1 and an estimated life expectancy of at least six months. Hematological inclusion criteria were hemoglobin ≥10░g/dL, total white cell count ≥3  10 9 /L, neutrophil count >1.5  10 9 /L, lymphocyte count ≥0.8  10 9 /L, monocyte count <1  10 9 /L and platelet count 100--500  10 9 /L. Patients also had to have adequate renal and liver function.
Exclusion criteria included major surgery, serious infection or radiotherapy (superficial radiotherapy to chest wall sites was permitted) in the four weeks prior to trial entry, previous TroVax® or chemotherapy treatment, cerebral metastases or history of allergic response to previous vaccinia vaccinations.
All patients provided written informed consent before enrolment. Approval from a UK Research Ethics Committee, In order to establish that chemotherapy alone does not elicit an immune response, an independent pre-study was also conducted, in which blood samples from 27 lung cancer and MPM patients were tested for antibody responses to the 5T4 antigen before and after pemetrexed-cisplatin chemotherapy.
Procedures
As summarized on the CONSORT flow diagram (Figure 1) , eligible patients received TroVax® by intramuscular injection at a dose of 1  10 9 TCID 50 /mL in 1░mL, given on Day 1░or 2 of weeks 1, 3, and then every three weeks to week 24. Patients also received 4 cycles of Pemetrexed (500░mg/m 2 over 10░min) and Cisplatin (75░mg/m 2 over 1░h), given on day 3░or 4, from week 4. Folic acid, vitamin B12 and corticosteroids were administered according to protocol.
A baseline CT scan of the chest and upper abdomen had to be undertaken with documentation of known measurable or evaluable disease parameters using the modified Response Evaluation Criteria in Solid Tumors (RECIST) criteria for mesothelioma. 20 WHO PS and toxicity were collected at baseline according to the Common Terminology Criteria for Adverse Events (v4.02). Tumor response was assessed with CT at week 16, 26, 39 and 52 weeks and with RECIST V1.1.
Toxicity assessments were carried out at week 4, 7, 10, 13, 16, 26 and 34 with serious adverse events being collected in real time.
Blood sample collection and processing
Venous blood samples were collected into EDTA vacutainers (Greiner #455036) at six time points for immunological testing: baseline (80░mL), week 4, 7, 10, 13, 26 and 34 (50░mL each). PBMC were isolated by density gradient centrifugation on Histopaque (Sigma #H8889), within 30░min of collection. The plasma was frozen in 10 cryovials 
Measurement of 5T4-specific T cell responses
The intracellular cytokine staining protocol used to assess 5T4 specific T cell responses was optimized prior to the trial 21 antibodies for 40░min at room temperature in the dark. Samples were then washed in staining buffer, resuspended in 230 L staining buffer and run on a BD FACSVerse flow cytometer which was normalized daily with CS&T bead tracking. Compensation controls were established with cells labelled with one antibody at a time. Data were acquired with BD FACSuite software. Gating for cytokine-producing T cells was carried out by following the Cancer Immunotherapy Consortium's guidelines. 22 This was based on an international assay/gating harmonization exercise in which our laboratory took part ( Supplementary Figure 1) . All results were audited and raw data can be provided on request.
Measurement of Antibody Responses
5T4-and MVA-specific antibody responses were determined from longitudinal plasma samples using a validated semiquantitative Enzyme linked immunosorbant assay (ELISA). 23 Immune cell phenotyping PBMC (2  10 5 /tube) were labelled in 100 L staining buffer for T cells, monocytes, myeloid-derived suppressor cells (MDSC) and Treg cells using antibodies detailed in Table S1 . Cells were labelled for surface markers for 40░min on ice. Cells in the Treg panel were then fixed, permeabilized and further labelled with Foxp3 FITC and Ki67 APC, according to the manufacturer's instructions. All cells were run on a BD FACSVerse flow cytometer and analysed with Diva 8 software.
Immunohistochemistry
Formalin fixed paraffin embedded (FFPE) sections were prepared. Antigen retrieval was performed on the Dako Omnis platform by heating slides in retrieval solution at 97• C for 30░min then at room temperature and washing in distilled water. Sections for 5T4 (R&D Systems # MAB 4975) underwent high pH 8.5 EDTA antigen retrieval. Sections for CD8 (Dako Agilent mouse monoclonal clone C8/144B) had pH 6.0 citrate antigen retrieval. 5T4 antibody was used at 1:75 dilution of the stock of 0.5░mg/ml. CD8 antibody was in a ready to use formulation. Both 5T4 and CD8░had primary antibody incubations at 37 o C (5T4 for 30░min, CD8 for 20░min) with detection by the DAB Omnis kit. Slides were analyzed on a Nikon eclipse E600 light microscope by an experienced mesothelioma pathologist (RLA). A semiquantitative evaluation of 5T4 staining was made noting either no, mild, moderate, intense membranous expression of surface and deep tumor tissue. A semi-quantitative evaluation of cytotoxic CD8░T-cells was made noting a nil, mild, moderate or plentiful response within tumor or at the tumor-stromal interface. Percentages and patterns of expression were recorded.
Outcomes
The primary outcome measure was pre-defined as a doubling of anti-5T4 immune responses compared to those at baseline at any of the six time points. Secondary outcome measures included the safety and tolerability of TroVax® in combination with pemetrexed/cisplatin, progression-free survival (PFS), objective response rate (ORR), and OS. The study also investigated the relationship between immune and clinical responses, the utility of baseline platelet count, monocyte count, hemoglobin levels, neutrophil:lymphocyte ratios (NLR) and monocyte:lymphocyte ratios (MLR) as predictors of treatment benefit. The latter two were also analyzed at the 4-week time point.
Statistical analysis
We used a Fleming's single arm design with the outcome measure of immune response to the 5T4 antigen. If less than 40% of patients demonstrated an increased response from baseline, then we would not pursue further research. If an increased response was seen in 64% or more of patients then this would justify further research in the vaccine in patients with MPM. Setting  = 0.05 (1-sided) and 80% power, 26 participants were required. If a doubling of 5T4 was seen in at least 16 patients, the null hypothesis that the vaccine does not elicit an immune response could be rejected. 
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